Porcine enteroviruses (PEVs) have been recognized as the causative agents of various clinical manifestations such as fertility disorders, neurological defects, and dermal lesions in pigs. Currently, the diagnosis of PEV infection is carried out by virus isolation, which although useful, is labor-and time-intensive. The present investigation describes the development of a reverse transcription-polymerase chain reaction (RT-PCR) assay for the rapid and sensitive detection of PEVs of cytopathic effect groups I (now known as porcine teschoviruses [PTVs]) and II. The assay described not only detects the PTVs and CPE group II of PEVs but also allows them to be differentiated on the basis of the size of the amplification product, using the same set of oligonucleotide primers. The availability of specific and sensitive molecular diagnostic tools such as the RT-PCR assay described herein should facilitate efficient diagnosis of PTV and CPE group II infections in pigs.
Porcine enteroviruses (PEVs) are members of the family Picornaviridae. Viruses in this family are known to cause a variety of diseases in humans and animals, including hepatitis, polio, common cold, footand-mouth disease, and enteritis. 24 On the basis of the virus neutralization test, PEVs have been classified into 13 serotypes (PEV 1-13). These serotypes have further been grouped into groups I, II, and III on the basis of cytopathic effects (CPE) produced, serological assays, and virus replication in different cell lines. 12, 22 CPE group I comprises PEV serotypes 1-7 and [11] [12] [13] and is now referred to as porcine teschovirus (PTV). 7 The CPE group II consists of PEV-8, and the CPE group III includes PEVs 9 and 10. 14 Currently, picornaviruses are classified into 6 genera: Cardiovirus, Aphthovirus, Rhinovirus, Hepatovirus, Parechovirus, and Enterovirus. 15 As mentioned earlier, a seventh genus (Teschovirus) comprising CPE group I PEVs has been proposed 10 based on distinct genomic characteristics of CPE group I viruses and their lack of sequence homology with CPE groups II and III. In another classification scheme, the Japanese isolates have been independently classified into 10 serotypes (PEV J1-J10), some of which are similar to PEV 1-11. 9 Infections with PEV are most often asymptomatic 10 but may also result in dermal lesions, infertility, and pneumonia. 6, 11, 17 Porcine enterovirus type I is the causative agent of enterovirus encephalomyelitis in pigs, which can result in extensive neuronal destruction, paralysis, and death (Teschen disease). This disease, first reported from Czechoslovakia as a highly fatal, nonsuppurative encephalomyelitis of pigs, caused extensive losses in Europe in the 1950s. 21 A milder form of the disease was first identified in Wales as Talfan disease and in Denmark as poliomyelitis suum. 8 The mild neurological disorder observed in these diseases can lead to paralysis and polioencephalomyelitis. 8, 21 Suckling or weaner pigs are the most susceptible and may exhibit fever, ataxia, leg paralysis, and convulsions. 8, 21 The virus is shed in the feces after clinical recovery, and recovered animals may act as carriers.
Enteroviruses contain a positive-sense, singlestranded RNA genome. The 7.5-8.5 kb RNA genome acts as mRNA, coding for a polyprotein, which is posttranslationally cleaved. 16 The single open reading frame is flanked by noncoding regions of RNA. These 5Јand 3Ј-untranslated regions (UTRs) play an important role in initiation of RNA transcription and translation. The 3Ј-UTR forms a secondary cloverleaf structure, which is necessary for negative strand RNA synthesis. The 5Ј-UTR forms a secondary structure formed by three-dimensional folding that is used in the initiation of positive strand RNA synthesis and is required for the initiation of translation. Both UTRs are highly conserved because of their functional requirements in transcription and translation. 1, 25 Currently, PEV infections are diagnosed by virus isolation in cell cultures followed by differentiation of serotypes by virus neutralization, complement fixation, or indirect fluorescent antibody (IFA) tests. 3, 13 Although useful, virus isolation is labor and time intensive. The present study describes the development of a rapid and sensitive reverse transcription-polymerase chain reaction (RT-PCR)-based molecular diagnostic test for the detection of PTV and CPE group II viruses in clinical specimens. 
Materials and methods
Viruses. Eleven reference strains of PEV (PEV 1-7 and PEV 8, 8a-8c) a were used to develop and validate the RT-PCR (Table 1) . Fourteen porcine fecal samples, which had been submitted to the University of Minnesota Veterinary Diagnostic Laboratory and found to be positive for PEV by virus isolation in cell cultures, were included in the study. Four fecal samples known to be negative for PEV were used as negative controls. In addition, 19 isolates of PEVs isolated during 2000-2001 at the MVDL were also used. These PEVs were detected by the appearance of CPE in PK-15 cells followed by IFA with a pool of PEV 4, 5, and 6 antisera. Other viruses of porcine origin used in the assay were pseudorabies virus, 18 porcine reproductive and respiratory syndrome virus, 19 porcine parvovirus, 23 porcine coronavirus, 20 porcine reovirus, 4 and porcine picorna-like virus. 6 Cells. Monolayers of porcine kidney-15 (PK-15) cells were used to propagate and titrate PEVs. Briefly, the cells were grown in Eagle minimal essential medium b supplemented with 8% fetal equine serum, penicillin (100 U/ml), streptomycin (100 g/ml), fungizone (1 g/ml), 15 mM HE-PES, and 5 mg/ml lactalbumin hydrolysate. Monolayers at 90% confluency were inoculated with the virus, and after adsorption for 1 hr at 37 C, the cells were incubated in the maintenance medium until CPE was noticeable, usually within 2-3 days postinfection. The viruses were harvested when CPE was observed in 60%-80% of the cells. For harvesting, the cultures were freeze-thawed twice, followed by centrifugation at 2,500 ϫ g for 10 min at 4 C. Supernatants of uninfected PK-15 cell monolayers, processed like the infected cells, were used as the negative control. Clarified supernatant containing the virus was titrated, and aliquots were stored at Ϫ70 C until further use.
Primer design and synthesis. The oligonucleotide primers were designed based on the highly conserved regions of 5Ј-UTR. The GenBank accession numbers of 5Ј-UTR sequences employed for primer design are listed in Table 2 . These included 9 strains of PEV serotype 1; 4 strains of serotype 2; 4 strains of serotype 4; 2 strains each of serotypes 6 and 13; and one strain each of serotypes 3, 5, 7, 11, and 12. The PEV 5Ј-UTR nucleotide sequences were aligned and analyzed using EDITSEQ and MEGALIGN (CLUSTAL V method) computer programs. The nucleotide sequence of the primers used in PCR reaction were 5Ј-UTR forward 5Ј-GTG GCG ACA GGG TAC AGA AGA G and 5Ј-UTR reverse 5Ј-GGC CAG CCG CGA CCC TGT CAG -3Ј.
RNA extraction. Genomic RNA of virus strains was extracted and purified using the QIAamp viral RNA mini kit c as per the manufacturer's instructions. Briefly, 140 l of culture supernatant was mixed with 560 l of lysis buffer and incubated at room temperature for 10 min for lysis. Ethanol (560 l) was then added and mixed by vortexing. The QIAamp spin column was then loaded with 630 l of this mixture and centrifuged. The filtrate was discarded and the spin column was washed with 500 l of buffer AW1, followed by another wash with 500 l of buffer AW2. The filtrate was discarded, and the RNA was eluted with 30 l of nuclease-free sterile distilled water. d RNA was either used directly in the RT-PCR reaction or stored at Ϫ70 C.
RT-PCR procedure. The single-step RT-PCR kit c was used for reverse transcription and cDNA amplification. Reaction conditions for RT-PCR consisted of 2. of denaturation at 94 C for 1 min, annealing at 56 C for 1 min, and extension at 72 C for 1 min for 40 cycles. The final extension was done at 72 C for 10 min. All RT-PCR products were run on 2% analytical agarose gels, stained with ethidium bromide and visualized under UV light.
Results
The primer pair designed to recognize the highly conserved sequence within the 5Ј-UTR was able to specifically amplify cDNA from 11 reference strains of PEVs, 19 PEV isolates, and 14 clinical samples that were culturally positive for PEVs. The 5Ј-UTR forward and reverse primers amplified the 5Ј-UTR fragment, yielding a product at 163 base pairs (bp) when 7 reference strains (PS34, PS14, Kazsa3, PS36, F12, PS37, and WR2), which constitute PEV serotypes 1-7, were used as the template (Fig. 1 ). All of these viruses are in CPE group I and are members of the proposed genus Teschovirus. In contrast, 4 reference strains (PS27, PS32, ECPO1, and PS30), which constitute PEV-8 and its subtypes (8a, 8b, and 8c), yielded a slightly larger product at approximately 180 bp. The 5Ј-UTR primers were designed based on the sequence information of PEVs (serotypes 1-7 and 11-13). The amplification of PEV 8 through 8c was unexpected because of the low homology between PTVs and CPE group II enteroviruses. Consistent results were obtained when RT-PCR was repeated a number of times. The supernatant of the mock-infected tissue culture containing no viral RNA template and RNAse-free water were used as negative controls along with the PEV samples in all PCR reactions. No amplification was detected in these controls.
Fourteen original clinical samples (intestinal con-tents or feces), previously shown to be PEV positive by virus isolation (serotype unknown), were tested with the 5Ј-UTR primers. For all samples tested, a 163-bp amplification product was observed. In addition, 19 isolates of PEV that were isolated at the MVDL from clinical samples were also positive for the 163-bp product. No amplification was detected when 4 PEV culture-negative fecal samples were tested by this assay.
To determine the specificity of the assay, 5Ј-UTR primers were tested for specificity with 6 non-PEV porcine viruses (pseudorabies virus, 18 porcine respiratory and reproductive syndrome virus, 19 porcine parvovirus, 23 porcine coronavirus, 20 porcine reovirus, 20 and porcine picorna-like virus 20 ). The primers did not cross-react with any of the viral cDNA from these viruses. The sensitivity of the RT-PCR assay was determined by using RNA extracts of serial 10-fold dilutions of the original PEV-1 as the PCR template (Fig.  2) . The assay was found to be sensitive enough to detect PEV diluted to the equivalent of 0.36 TCID 50 / 100 l.
Discussion
Diagnosis of PEV encephalomyelitis is currently based on clinical signs and gross pathology. Also, whereas occurrence of clinical signs of encephalomyelitis is suggestive of porcine enteroviral infection, the disease cannot be differentiated clinically from encephalomyelitis caused by other porcine neurotropic viruses. The most common methods for diagnosis are demonstration of characteristic microscopic lesions in CNS of affected animals, isolation of the virus and its identification on the basis of CPE in cell lines of porcine origin, or by serotyping using specific antisera or monoclonal antibodies against standard strains of PEVs. 3, 5 Significant cross-reaction of serotype-specific antibodies may sometimes lead to ambiguous results. There is thus a need for alternative, sensitive, and rapid diagnostic tests for detection of PEVs.
The RT-PCR assay described in this study is based on the highly conserved 5Ј-UTR region of the viral genome of 26 strains. An amplification product of 163 bp was detected for reference strains of PEVs 1 through 7, which are now considered to belong to a distinct picornavirus genus. In contrast to CPE group I, the anticipated product of 163 bp was not seen in PEV-8 and its subtypes. Instead, a slightly larger product was observed at ϳ180 bp. The 5Ј-UTR primers were designed based on regions homologous amongst CPE group I PEV sequences 1-7. The PEV CPE group I viruses now classified as PTVs share very low homology with PEV CPE groups II and III. 10 Amplification of a fragment from PEV-8 and its subtypes (8-8c) with PTV corresponding primers was not expected. But the nucleotide sequence analysis of PEV-8 prototype strain V13 and other PEV-8 field isolates indicates that there is a short segment of the 5Ј-UTR that is homologous to the PTVs (R. Zell, personal communication). The PCR primer sequences generated in this study were homologous to these regions and therefore were able to amplify a fragment from PEV-8 serotypes. The larger size of the PCR product observed for PEV-8 is perhaps due to sequence variation between PTVs and PEV-8. Variable sizes of amplification products, obtained with the same set of oligonucleotide primers, further add clinical value to the assay as it will enable the detection and differentiation of the 2 groups in a single reaction using a single set of primers.
The CPE group III PEVs (serotypes 9 and 10) are not present in the United States and were not tested with this assay. But it is highly likely that this assay will not detect PEV 9 and 10 serotypes because of a high degree of sequence variation between CPE groups I, II, and III. In fact, PEV CPE groups I, II, and III have been proposed to be classified as 3 distinct picornavirus genera based on sequence variations (R. Zell, personal communication).
The assay was also able to amplify the 163-bp product from clinical fecal samples and from PEV isolates, suggesting that the primers were successful in the detection of PEV in clinical material that had yielded PEV on culturing or was positive by IFA tests. The PCR assay not only confirmed the presence of PEV genomic RNA in the clinical samples but also helped diagnose that all of these clinical samples belong to any of the 7 PTV serotypes on the basis of the size of the PCR-amplified product. All of these viruses were shown to belong to CPE group I, which are members of the proposed genus Teschovirus. The assay was repeated a number of times and was found to be highly robust and reproducible.
The RT-PCR was found to be highly specific as it did not cross-react with several other porcine viruses, such as pseudorabies virus, porcine reproductive and respiratory syndrome virus, porcine parvovirus, porcine coronavirus, porcine reovirus, and porcine picorna-like virus. These viruses were selected because they are common causes of porcine diseases. [18] [19] [20] The results of RT-PCR using clinical specimens and viral isolates of PEV also revealed the usefulness of this assay. As the clinical isolates were not typed, the results of PCR assay could not be correlated with the serological subtyping method. The sensitivity of the RT-PCR assay was determined by using RNA extracts of serial 10fold dilutions of the original PEV-1 stock, which revealed that the test was able to detect PEV diluted to the equivalent of 0.36 TCID 50 /100 l. The primers are, therefore, adequately sensitive and would be practical for clinical diagnostic use.
Because seroprevalence of PEV 1 exceeds 60% in some countries 2 and because clinical signs caused by other viruses may mimic those caused by PEV, there is a need for rapid diagnosis of PEV infections. The RT-PCR assay developed in this study seems to be a highly specific, sensitive, efficient, and simple diagnostic tool to achieve these objectives. Moreover, the difference in the molecular weight of the amplified products of PTVs and PEV group II can be exploited to differentiate viruses belonging to these 2 groups in a single reaction using a single primer pair.
